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ABSTRACT 

This study uses three-point flexural testing to estimate the room-temperature apparent fracture toughness 
(KIc_app) of a pressureless sintered-silver interconnect - a candidate material for use in power electronic 
devices. The KIc_app estimation occurs via work-of-fracture measurement of a chevron-shaped sintered-
silver joint centrally located in an “interconnect bend test specimen”. The chevron-shape was stencil-
printed on a silver (Ag)-plated direct bonded copper (DBC) substrate, mated to an Ag-plated DBC 
substrate, and then sintered. The chevron-shape, used for decades in fracture mechanics examinations and 
in standardized tests of monolithic materials, enables controlled stable crack initiation and propagation 
that are prerequisites for valid KIc_app estimation. The employed combination of an interconnect bend test 
specimen and bend test method is robust and simple, enables a means for interpreting the resistance to 
crack growth and delamination in an interconnect, provides a dependable way to judge the efficacies of 
sintered-silver processing conditions, and ultimately supports process optimization of sintered-silver 
interconnects. 

1. INTRODUCTION 

Fracture toughness is a relevant mechanical property when considering crack propagation in a material. 
Fracture toughness’s importance, measurement, and interpretation in materials science and engineering is 
well acknowledged by the very existence of several standardized tests for bulk or monolithic materials [1-
3]. It is obviously desirable that crack initiation and subsequent propagation never occur in a component; 
however, if they do, then their understanding allows for their management and even enables an ability to 
predictably replace a component before it loses its expected functionality. 

Interconnects in power electronic devices are relied upon for providing electrical and thermal (or heat 
transfer) functions. They (e.g., solders, brazes) are mostly used to bond semiconductors to substrates and 
substrates to base plates. The interconnects are formed at elevated temperatures and therefore experience 
residual stresses at all other temperatures, including those of device service, because they typically bond 
dissimilar materials having dissimilar coefficients-of-thermal-expansion and stiffness. 

The high-aspect-ratioed geometry (i.e., thin and relatively large bond area) of a residually-stressed 
interconnect is typically under sustained in-plane shear and/or out-of-plane tension. If those residual 
stresses are sufficiently large or the material is susceptible to fatigue, or other non-equilibrium changes-
in-material state occur (or combinations thereof), then crack initiation and propagation will result. Such 
cracking reduces the interconnect’s total bond area. That in turn increases the current density and also 
decreases the efficacy of thermal transfer in the interconnect, and their continued mutual propagation of 
one another can avalanche resulting in additional Joule heating and crack propagation and eventual device 
malfunction and failure. Therefore, understanding and measuring the fracture toughness of an 
interconnect material is quite important. The effects of residual stresses in interconnect systems are 
discussed further in prior mechanical testing studies [4]. 

Sintered-silver is an attractive candidate interconnect material for use in power electronic devices because 
of its high electrical and thermal conductivities and Restriction of Hazardous Substances (RoHS) 
compliance. There is a growing amount of literature on sintered-silver technology, including Siow’s [5] 
thorough review; however, studies devoted to its mechanical properties and mechanical responses 
continue to be a small fraction of the total literature. Efforts of the present study’s authors over the last 
several years have been associated with shear- and tensile-strength measurements [6-8], but the fracture 
toughness of sintered-silver interconnects has not been examined until this study. 
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Before proceeding, the term "apparent fracture toughness" or KIc-app is purposely used in this study to 
describe the crack resistance response. This is because the use of "fracture toughness" (KIc), without 
inclusion of the adjective "apparent", would be erroneous and misleading. The KIc-app represents crack 
growth resistance in a material system, such as the interconnect system evaluated in this study, and is a 
material characteristic. However, KIc strictly is a property of a dense monolithic material. The KIc-app is 
relatable to KIc but their inter-dependence can be complex or even indeterminate. Additionally KIc-app can 
be dependent on the employed test method, test conditions, specimen geometry, sub-architectures or 
heterogeneous microstructures in the material, and residual stresses whereas KIc is independent of those. 
We are measuring KIc-app because we are studying the crack propagation response in a “sintered-silver 
interconnect system” where the system is comprised of the sintered-silver, the plating materials, and the 
substrates bonded to the silver, and because the crack response could also be affected by the sintered-
silver’s porosity and the processing-induced residual stresses. 

Here we use 3-pt-flexural testing to estimate the KIc_app of a pressureless sintered silver interconnect. A 
work-of-fracture measurement is made with a chevron-shaped sintered-silver joint that is centrally located 
in an “interconnect bend test specimen”. The chevron shape has been used for decades in fracture 
toughness testing of materials because it enables controlled stable crack initiation and propagation - 
events that are prerequisites for valid fracture toughness testing and fracture toughness evaluation. The 
interconnect bend test specimen was simple to fabricate and mechanically test, and the resulting average 
KIc_app was found to be 1.5 ± 0.2 MPa√m for the herein described pressureless sintered silver interconnect; 
specifically, that KIc_app was likely representative of the crack growth resistance of the interface between 
the sintered silver and the silver plating it was bonded to. 

2. EXPERIMENT 

A set of 20 interconnect bend test specimens were fabricated and subsequently flexure tested to determine 
an average KIc_app. 

2.1 FABRICATION OF INTERCONNECT BEND TEST SPECIMENS (IBTS) 

An exploded-view schematic of the IBTS is shown in Figure 1. Its fabrication was comprised of several 
steps. 

 
Figure 1. Exploded view of the constituents comprising the interconnect bend test specimen. 

The first fabrication step was the stencil printing of the silver paste into a chevron-shape onto the plated 
surface of a direct bonded copper (DBC) substrate. The print shape is schematically shown in Figure 2 
and examples of the printed chevrons are shown in Figure 3. The printed area of 65 mm2 is relatively 
large and would be, for example, an equivalent bond area to that for a 8 mm x 8 mm semiconductor die in 
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a power electronic device. A commercially available sinterable-silver paste* (Loctite Ablestik SSP 2020, 
Henkel Electronic Materials LLC, Irvine, CA) was used for the interconnect [9-10]. Its wet paste was 
printed using a stencil (UTZ Technologies, Little Falls, NJ) having a 0.102 mm thickness and chevron-
shape, as shown in Figure 2, onto DBC substrates that were comprised of 0.3-mm-thick x 11.9 mm x 11.9 
mm Cu cladding on a 0.6-mm-thick x 12.7 mm x 12.7 mm aluminum oxide ceramic substrate. The DBC 
substrate's Cu cladding was plated with electroless silver (approximately 4 µm thick) by the substrate 
vendor (Remtec, Norwood, MA). 

The DBC substrate sandwich with the sintered silver chevron-shape interconnect was formed next. An 
equivalently sized DBC substrate was placed on top of the printed chevron pad. An alignment fixture was 
used to keep the two mated DBC substrates aligned and parallel. A compressive stress of ~ 4.3 kPa was 
then applied for 5 sec to set the DBC substrate surfaces against the printed silver paste. The authors of this 
study have confirmed previously that bonding is achievable with the stated procedure [11-12]. Twenty 
DBC substrate sandwiches were fabricated. 

 

 
Figure 2. Schematic of the printed chevron-shaped print on a square direct bonded copper substrate. The 

Al2O3 substrate is 12.7 mm x 12.7 mm, and W = B = 11.9 mm for the copper cladding. ao is the initial crack length 
of the chevron and the bonded area of the chevron is a relatively large 65 mm2. 

                                                   
* Certain commercial materials and equipment and their manufacturers are identified to adequately describe the experimental 
procedure. This does not imply their endorsement by the Oak Ridge National Laboratory, UT-Battelle, US Department of 
Energy, and Oak Ridge Associated Universities, nor its employees, nor that they are necessarily the best or only choices for these 
purposes. 
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Figure 3. Examples of the (top row) printed sinterable silver chevrons on the silver-plated DBC substrates. 

The bottom row of shown DBC substrates would be mated to them. The DBC substrate size was nominally 12.7 mm 
x 12.7 mm. 

Pressureless sintering of the DBC substrate sandwiches containing the silver interconnects was conducted 
using the following thermal profile in an oven (Series 3600 oven, Applied Test Systems, Butler, PA): 

i. 25°C to 75°C at 10°C/min, 
ii. dwell at 75°C for 60 min, 

iii. 75°C to 250°C at 10°C/min, 
iv. dwell at 250°C for 60 min, and 
v. natural cooling from 250°C to 25°C. 

Paste composition and thermal profile were designed such that oxidation is avoided at 250°C, even in 
atmospheric conditions. The 75°C-dwell-segment was used to promote the removal of the silver paste's 
solvent [11]. The above procedures produced a final sintered-silver interconnect thickness of 
approximately 100 µm. The plating thicknesses on the two DBC substrates added approximately 8 µm to 
the total "interconnect system" thickness (or the distance between DBC substrate sandwich's innermost 
copper claddings). 

Each DBC substrate sandwich was then glued (Loctite Ultra Gel Super Glue, Henkel Electronic Materials 
LLC, Irvine, CA) between two 12 mm x 12 mm x 50 mm 6061 aluminum (Al) bars to fabricate an IBTS. 
This is shown in Figure 4. The bonded aluminum bars enabled the use of a desirably large span for the 
three-point bend testing. Examples of fabricated IBTS's are shown in Figure 5. The use of this glue 
accommodated room-temperature testing; however, the use of a higher-temperature-capable glue would in 
turn enable the measurement of apparent fracture toughness at higher-temperatures. 

Connecting the Al bars to the DBC substrate sandwiches involved several steps. First, the Ag-plating was 
removed from the DBC substrates using a fine grit (400 grit) silicon carbide (SiC) grinding paper. 
Previous studies by Modugno et al. [8] showed that the Ag-plating on these DBC substrates tends to fail 
before the silver interconnect, so it was desirable to avoid failure occurring at that copper-cladding-Ag-
plating interface and to improve bonding with the glue. Next, a coarse (60 grit) SiC grinding paper was 
then used to add roughness to the ends of the Al bars to improve bonding to the glue. Lastly, all mating 
surfaces were cleaned with ethanol prior to their gluing. Care was used to ensure excess glue did not 
squeeze out and enter into the sintered-silver interconnect region. 
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Figure 4. An alignment fixture was used to assemble the interconnect bend test specimens. 

 
Figure 5. Examples of fabricated interconnect bend test specimens. 

2.2 KIC_APP TESTING AND ANALYSIS 

Mechanical testing was performed using 3-point bending with a universal test machine (Model 5867, 
Instron Corporation, Canton, MA). The test configuration is shown in Figure 6. The bottom span was 90 
mm. A displacement rate of 0.1 mm/min was used and each test had a duration of 2-3 minutes. A slit 
slightly wider than the DBC sandwich was cut into the upper roller to put it in direct contact with the two 
Al bars and to avoid contact-induced failure initiation (an event that could have occurred if the roller 
came in direct contact with the two DBC substrates or loaded between them). A test was deemed valid if 
there was (i) a compliance increase, or slope decrease, that occurred in the load-displacement curve 
before attainment of maximum load, (ii) maximum in the load, and (iii) some load was sustained at 
displacements beyond where the maximum load was achieved [3]. 
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The applied force (P) was continually measured as a function of displacement (U) for each IBTS and it 
was numerically integrated (òPdU) using the trapezoidal rule in a spreadsheet. The work-of-fracture (gwof) 
was then estimated using [13-15] 

 𝛾"#$ =
∫'()
*•,

 , (1) 

where A is the area of the sintered-silver's chevron shape (65 mm2 as shown in Figure 2), and the numeral 
2 is in the denominator because the fracture event created two surfaces. 

The Mode I apparent fracture toughness (KIC_app) was then calculated according to 

 𝐾./_122 = 32 • 𝐸 • 𝛾"#$  , (2) 

where E is the elastic modulus of the sintered silver. The basis of Eq. 2 comes from the first law of 
thermodynamics [16]. The conventional MKS units of Mode I apparent fracture toughness are MPa√m.  

The E in Eq. 2 was estimated using a combination of experiment with monolithic, chevron-notched 
sintered silver specimens and finite element analysis, FEA, (ANSYS, Canonsburg, PA). The linear 
portion of the measured load-displacement of this 3-pt-loaded specimen was correlated to potential 
combinations of E and Poisson's ratio (n) of the FEA-modelled chevron-notched specimen. Paired E - n 
combinations of 28.5 GPa - 0.1 or 28.2 GPa - 0.2 or 27.8 GPa - 0.3 all satisfied that measured load-
displacement response (i.e., there is not a unique paired solution). It was evident that Poisson's ratio did 
not have a significant influence on the E, so a value of 28 GPa was thereafter used in Eq. 2's estimations 
of KIc_app. An E = 28 GPa, from such a mechanical loading, is consistent with a sonically-measured E for 
~ 75% dense monolithic sintered silver [7]. The apparent bulk density of the two monolithic bars was 
estimated using Archimedes' Principle and was ~ 80% of silver’s theoretical density (10.5 g/cm3); this 
value is equivalent to 75% given the uncertainties of both the mechanically- and sonically-measured E 
values, and the uncertainty associated with using a sonic method to estimate the E of a porous material 
[17].  

 

 
Figure 6. Image showing an interconnect bend test specimen positioned in the 3-point bend fixture. 
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3. RESULTS AND DISCUSSIONS 

All of the tests produced a valid test response illustrating the employed method's robustness and resulting 
confidence in the estimated KIC_app values for the sintered silver interconnect. An example of an 
experimental load-displacement curve is shown in Figure 7 for one of the tests. There was sustained load 
after the load maxima illustrating stable crack propagation. The estimation of the work-of-fracture, and 
subsequent utilizations of Eqs. 1-2 to calculate KIc_app then confidently proceeded.  

The pressureless sintered-silver interconnect had an average KIc_app of about 1.5 MPa√m and a standard 
deviation of 0.2 MPa√m for the 20 IBTS's.  

This measured KIc_app is essentially a measure of the crack growth resistance of the weakest location in the 
sintered silver interconnect "system". In these tested IBTS's, adhesive failure occurred at the bonding 
interface between the chevron-shaped sintered silver and the silver-plating on the DBC substrates. In this 
case, the measured KIc_app of the interconnect is not limited by the (tougher) sintered silver's bulk or 
cohesive KIc_app. This difference is illustrated by the KIc_app of monolithic sintered silver (2.3-2.4 MPa√m - 
measured with two specimens in the present study); namely, the KIc_app of the adhesive bond between the 
sintered silver and the DBC substrates silver plating would need to be > 2.3-2.4 MPa√m in order for crack 
propagation to instead have occurred within the sintered silver layer itself. The use of another plating 
material or plating strategy or both, that would have higher adhesive strength with the sintered silver, 
would increase the KIc_app of the interconnect. That, in tandem with further optimization of the sintered 
silver processing so to eliminate processing defects like those shown in Figure 8, would also increase the 
overall KIc_app of both the bulk sintered silver and the interconnect too. 

 
Figure 7. Typical force-displacement response of an interconnect bend test specimen. 
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Figure 8. Examination of the failure surfaces showed the presence of processing defects and that adhesive 

failure typically occurred. The dashed arrows show the crack propagation direction. 

A comparison of the KIc_app of this study's sintered silver interconnects, that for monolithic sintered silver, 
and those for a variety of solders and brazing materials are shown in Table 1. An automated and more 
optimized process for sinterable silver and its interconnection would result it in being more equivalent to 
the KIc_app of the other materials listed Table 1.  

A variety of other fracture toughness test methods have been used to study crack growth resistance in 
other interconnect materials (as listed in Table 1); however, the herein described 3-point flexural test 
method of a chevron-shape-interconnect offers some advantages and enables an ability to more simply 
monitor the effects of interconnect processing conditions and to ultimately optimize them. Three-pt-
flexure is preferred here over 4-pt-flexure because there is less machine and fixture compliances and less-
imposed roller friction. Those attributes, in addition to the use of a relatively large bottom span, results in 
low imposition of stored energy in the specimen during testing, which in turn increases the likelihood that 
both stable crack initiation and propagation occur (prerequisites for valid KIc_app measurement). The single 
edge notch beam requires pre-cracking to form a starter crack, and that procedure often involves trial-and-
error with a less than 100% success rate of valid testing. Compact tension testing of an interconnect 
requires the use of special tensile grips and a crack-tip opening displacement sensor; equipment that many 
laboratories do not have. 
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Table 1. Comparison of apparent fracture toughness for a variety of interconnects and the employed test 
methods for their measurements. 

Interconnect Material 
Apparent Mode I 

Fracture Toughness 
(MPa√m) 

Test Method and Specimen Reference 

Sintered silver Ave. = 1.5 
Std. Dev. = 0.2 

3-pt-bending, chevron-shape 
joint formed with printing 

This study 

2.3 - 2.4 3-pt-bending, chevron-notched 
monolithic specimens 

Brazing Ag-Cu-0.5Ti 3 - 5 3-pt-bending, single edge notch 
beam 

[18] 

Solder Sn-Pb 8.36 Compact tension, chevron-shape 
joint formed with masking 

[19] 

Solder 96.5Sn-3.5Ag 4.7 - 11 4-pt-bending, chevron-shape 
joint formed with masking 

[20] 

Solder 63Sn-37Pb 
intermetallicized 

3 - 12 4-pt-bending, chevron-shape 
joint formed with masking 

[21] 

Solder Pb-Sn and Sn-Ag 1 - 4.5 Compact tension, straight notch [22] 
Solder Sn-0.7Cu and  

Sn-4.0Ag-0.5Cu 
intermetallicized 

5 - 9 Compact tension, straight notch [23] 

Intermetallics Sn-Ag-Cu  1.5 - 2.2 4-pt-bending, single edge notch 
beam 

[24] 

Solder Sn-3.8Ag-0.7Cu GIc = 40-84 J/m2 
(KIc unreported) 

Compact tension, straight notch [25] 

 

4. CONCLUSIONS 

Pressureless sintered-silver interconnects had an average apparent fracture toughness of about 
1.5 ± 0.2 MPa√m at 25°C. Failure appears to have occurred at the interface between the sintered-silver 
and silver plating on the DBC substrates. Automated and more optimized processing, and the use of a 
different plating strategy (that promoted better adherence to sintered-silver), would likely increase the 
measured apparent fracture toughness. 

The employed test method enabled the valid estimation of apparent fracture toughness of a sintered-silver 
interconnect “system”. That claimed validity is based on demonstrated (100%) achievement of 
prerequisite stable crack growth needed for fracture toughness testing such as described in standardized 
testing of monolithic materials (i.e., ASTM C1421, E304, and E399 test standards). The analysis using 
work-of-fracture represents a simple approach, and the printing of sinterable silver directly onto relevant 
plated-substrates enables the study of crack growth resistance of a representative and entire interconnect 
system. 

Three-point-bending of chevron-shaped interconnects, using the herein described procedures, desirably 
minimizes the introduction of machine and fixture compliance and maximizes the likelihood that cracking 
is stably initiated and propagated. Because of this test robustness, changes or trends in apparent fracture 
toughness from processing imperfections, non-automation, dissimilarity in plating technologies are 
interpretable without complications or false-positives introduced from testing-induced parasitics. 
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The described method offers a simple and defendable means of interpreting the resistance to crack growth 
and delamination for sintered-silver interconnects resulting in the ability to monitor the effect of 
processing conditions and ultimately optimize them. 
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